Abstract-Great sources of concern for pediatric and neonatal intensive care units are the total resource utilization and cost of caring for very sick children. This paper attempts to create a usable clinical decision support system (PEPCOR) that would help improve personalized health care and avoid unnecessary secondary, and costly, procedures that do not improve the care of a critically ill patient. The system uses the Children's Healthcare of Atlanta ICU database to analyze the effects on the risk, (quantified as the risk of invasive ventilation and associated complications) when combining two procedures versus administering one procedure without the other. The risk is calculated by computing the ratio of ventilator days to the length of stay, with a higher risk score indicating the second procedure did not improve the overall health of the patient. 82/90 of the procedure combinations showed a statistically significant difference with a p-value < 0.05 when the stand-alone procedure was compared to the combination of two procedures.
I. INTRODUCTION
The importance of cost reduction analysis for pediatric patients stems from the fact that there is a significant concern about the ongoing rise in medical costs. According to the U.S. Census Bureau, 7.3% of children under the age of 18 are uninsured medically by either private health insurance or government health insurance. Of all children with health insurance, the government provides coverage for 41.1% of them. These statistics demonstrate the extent of government funding and the importance of reducing unnecessary hospital bills on society at large [1] .
The rising concern about the increase in medical costs has led to the need to develop a means of predicting the severity of illness of ICU patients and the risks associated with future stay. Such models are used to ensure proper resource utilization and also predict the different aspects of the stay of a patient that may add to any unnecessary financial cost such as tests and other medical procedures. The most frequently cited models to predict the risk of death for pediatric patients in the ICU setting are the Pediatric Risk of Mortality (PRISM) III score and the Pediatric Index of Mortality (PIM) score [2] . The PRISM III score uses minimum systolic blood pressure, abnormal pupillary reflexes, and stupor/coma along with two chronic diagnoses and four other risk factors to calculate the final score [3] . The PRISM III score is an improved model based on PRISM I, which calculates the severity of illness based on previously recorded data of the institution of choice. The PIM score, on the other hand, is calculated using nine variables that are recorded at the time of admission to the ICU (including mechanical ventilation during the first hour of admission and Systolic Blood Pressure). The score is an indication of the child's health at the start of an ICU stay [4] .
Although the performance of the modified prediction models has been credited to be successful in mortality risk prediction, the PIM and PRISM III models tend to over-predict death by 16% and 30% respectively, when comparing the observed deaths to expected deaths [5] . The PRISM III system can only be applied after the period required to gather variables, as the prediction model can only be used 24 hours after PICU admission [3] [6] . The PIM score is calculated at the time of PICU admission and does not require a 24 hour wait period. However, the usefulness of the concept of a mortality prediction score in assessing PICU performance is a relatively minor one as mortality only occurs in less than 5% of patients and may not reflect true resource utilization [7] . These existing models for risk prediction in the pediatric ICU fail to address additional relevant outcomes such as length of stay and risks associated regarding medical procedures to be performed, which may be more beneficial features to be considered to help increase ICU performance by better-personalized healthcare.
To incorporate more commonly seen features into a prediction model we propose a model for the prediction of risk of invasive ventilation and associated complications. This paper develops the Pediatric Procedure Combination Risk, PEPCOR, clinical decision support system that allows ICU clinicians to predict the potential ICU risk of combining a medical procedure-of-interest given another existing procedure. We defined the risk of invasive ventilation as the ratio of ventilator days to total length of stay, as a higher number of ventilator days per unit length of stay indicates a patient more prone to higher mortality and related complications. As some of the main causes of unnecessarily high ICU costs are the administration of excess tests, increased length of stay and increased duration of mechanical ventilation [8] , PEPCOR aims to utilize data mining techniques to facilitate personalized healthcare and eventually lead to reducing unnecessary administration of procedures that may thereby reduce the associated cost of care.
II. METHODS

A. Dataset
The CHOA database contains 4,023 Pediatric ICU (PICU) patient records, 941 Neonatal ICU (NICU) patient records, and 774 Cardiac ICU (CICU) patient records. These records contain multiple categories of information per patient as listed in the "Patient/Visit Information." measure examples of Table I . The CHOA database also contains 416,520 combined records of patient procedures for the ICU units mentioned above. The PEPCOR prediction model was developed and tested using this database
B. Variable Selection
Following the selection of the length of stay (LOS) as the independent variable, we used literature review to determine the criteria for selection of the dependent variable of the study. The most notable reviews were the work of [9] which suggested that the severity of the illness was a major factor in determining LOS resource utilization and cost, and the study in [10] which noted ventilator management as one of the four possible treatments that most affected cost in the ICU setting. Ventilator-days was thus selected as the dependent variable for the PEPCOR system as it was the feature present in the CHOA database that was most indicative of the severity of the patient's illness (as identified by the clinician) and most compatible with LOS data, as they shared the same units.
C. Data organization
Once the preliminary feature was chosen, we interrogated the CHOA database and extracted only the relevant information namely the visitID, LOS, ventilator days and procedure IDs. The procedure ID number and procedure name along with all the patient visitID numbers of the patients that had each procedure performed on them was extracted, and a new table was created. The visitIDs were not unique in that the extracted data included multiple of the same visitID if the same procedure had been performed multiple times on that patient. After organizing the list of non-unique visitID numbers against each procedure, the corresponding ventilator days of each patient on that list and the corresponding LOS days was also included separately in the table.
III. CASE STUDY AND HYPOTHESIS
A. Setting
To demonstrate the feasibility of our system, we focused on patients who were diagnosed with "acute respiratory failure," as these patients were more likely to be associated with invasive ventilation, which is a key component of this study as the risk ratio is calculated using ventilator-days. 1640 of the 5738 patients were diagnosed with "acute respiratory failure" which is 28.6% of the total patients. This could be extended to include 49.8% of the patients if patients diagnosed with 'respiratory distress syndrome', 'acute upper respiratory infections', 'acute bronchitis' and other respiratory classifications were included. We hypothesis that the results of such an inclusion may be similar as such patients would have ventilator-days data, however such classifications were not included for the study in this paper, as further clarification is needed about such an inclusion. The ten most repeated procedures (i.e., the ten procedures with the highest number of visitID counts that were recorded to have "acute respiratory failure") were then extracted along with their corresponding visitIDs, ventilator days and LOS data. Each procedure was then combined with each of the other nine procedures producing 90 (N x 9) combinations (order was considered important, and procedure A + B for example, and procedure B + A were both included in the list of combinations).
Patients were separated into two groups for each combination. The first group consisted of ventilator and LOS data from visits with both procedures. The second group consisted of ventilator and LOS data from visits with the first procedure but without the second. With the LOS data and ventilator day data from the two groups, a graph was created with the x-axis being the length of stay (days) plotted against the y-axis of ventilator days. The slope of these graphs was expected to resemble the risk ratio as a higher number of ventilator days to unit LOS days would indicate a more severely ill patient prone to more invasive ventilation and associated complications thus leading to more staff service, resource utilization, and longer ICU stay. To calculate the risk ratio, the slope of the graphs was calculated using the equation: y = mx (1) Using this formula forced a zero intercept as a non-zero intercept resulted in extreme intercepts and extreme gradients that were not comparable across procedure combinations. The zero intercept instead forced the line of best fit to adjust its slope so as to pass through the origin while also having the best fit through the data of interest.
A separate p-value was also calculated to compare the risk ratios of the inclusion and exclusion groups. To do this, each ventilator-days value of each patient in the inclusion group was divided by the corresponding LOS-days value to obtain a risk ratio for each patient. This process was repeated for the exclusion group, and the p-value of the comparison of these two sets of risk ratios was calculated using a two-sample t-test. The hypothesis for the study was that there is a significant difference in the risk of administering the second procedure given an administered first procedure (inclusion) versus not administering the second procedure given a first procedure (exclusion).
IV. RESULTS
The statistical test showed that the majority (82 out of 90) of the procedure combinations show a statistically significant difference (p-value < 0.05) between the inclusion and exclusion groups. The top ten combinations of the results sorted by the lowest p-values are shown in Table II . The effect size of the inclusion group against the exclusion group in the table was r = 0.931 using Cohen's d (which is a large effect size) and the p-value was p<0.001which shows a statistically significant difference between the two groups.
From a clinical perspective, it could be understood that a high-frequency procedure such as a pulse oximetry (as coded by "Stat-pulse ox assessment" in Table II ) in combination with another high-frequency procedure such as frequent blood gas measurement (as indicated by "Poc cap bl gas") may be redundant information. In contrast, pulse oximetry in combination with a less frequently ordered procedure such as "lipase" measurement which is a serum lipase test that measures the level of lipase in the body or pulse oximetry in combination with "antithrombin III assays" which is a test to determine antithrombin levels to help detect clotting disorders, may be more useful findings as they provide unique information about the patient's condition.
V. USER INTERFACE
A graphical user interface (GUI) was designed using MATLAB GUI layout toolbox to input the patient's current procedure (i.e. the first procedure), and the procedure of interest (i.e. the second procedure). The GUI was designed to then output a graph of the risk ratio comparison of risks from the two (i.e., the inclusion and the exclusion) groups.
As seen in Figure 1 above, the layout of PEPCOR was created to include a drop-down menu of the patient's unit (PICU, NICU or CICU) so that the CHOA databases could be narrowed down further to predict more accurate personalized predictions. An automatic check is also applied as the physician enters the age of the patient in days. The current procedure being applied or already executed on the patient can then be selected by entering the procedure ID number, the procedure name or the procedure category that will refine the table seen below it for easier navigation and selection. The second procedure that the physician is hoping to carry out on the patient can then be selected via the same procedure, and the "Compute" button initiates the analysis and produces the graphical and statistical results. These results include the group of "Intersection IDs data points" in red stars, the group of "Exclusion IDs data points" in blue stars, the estimated "Intersection risk" shown by the red line and the estimated "Exclusion risk" shown by the blue line. The This application is intended to increase the practical and clinical application of retrospective ICU data to help in personalized health care and risk prediction that would reduce the cost of a patient's ICU stay.
VI. DISCUSSION AND CONCLUSION
The increase/decrease in the risk of invasive ventilation and associated complications was analyzed in this paper through risk assessment. The variable "ventilator days" was selected with the aid of a literature review and clinicians' findings [8, 9] . This variable was compared with the length of stay by extracting patient data from the CHOA database. In this study, we propose the PEPCOR system, which calculates the risk ratio of administering the first procedure of choice and the second procedure of choice. A case study was conducted using the CHOA database in which the ten procedures with the most number of patient records were analyzed. The results revealed risk ratios and the respective p-values of the comparison of the inclusion data (first procedure followed by second procedure) against the exclusion data (first procedure not followed by second procedure), which showed significance (p-value <0.05) for 82 of 90 procedure combinations. This study also developed a GUI to demonstrate the clinical usability, which required two procedures of choice as input and provided the corresponding risk ratios as output, with a graphical visualization of the data. There are many situations in the ICU setting in which unnecessary tests may be administered. For example nurses may anticipate doctors' test orders or doctors may order tests similar to those already administered. A physician could use the PEPCOR system to evaluate whether the to-be-administered procedure may be statistically known to help improve the overall health of the patient once a previous procedure has already been administered (by a comparison of previous patients' data). This could aid the physician in reducing the administration of unnecessary tests and thereby improve personalized healthcare and reduce overall cost. This project has the potential to be developed into a more versatile application that could be applicable in developing countries, as one of the main limitations with already existing models such as PRISM III was the lack of usability across institutions in developing nations due to the rigid structure of the application [6] . The results of the PEPCOR model could also be further improved by outputting a predicted LOS trajectory of the patients given the procedure combinations of choice, and also possibly the option for a medical practitioner to input multiple procedures instead of two. While only higher frequency procedures were considered in this study, further research is needed on low-frequency-high-cost procedure combinations that were not evaluated in this study due to limited access to cost data.
Pediatric ICU care is a more specialized field compared to adult ICU care and has a greater need for personalized health care as critical conditions depend on a greater number of factors than adult ICU cases that may be more easily generalized [10] .
Invasive ventilation and associated medical complications are significant factors causing an increase in risk to patients and leading to extended hospital stays, higher resource utilization, and higher medical costs. Analysis of the effects of procedure combination on the increase/decrease of the risk of more invasive ventilation was examined in this study using a risk ratio assessment. The risk ratio was calculated using ventilator days to length of stay and the PEPCOR (Pediatric Procedure Combination Risk) clinical decision support system was created which showed statistical significance for a majority of high-frequency procedure combinations. As there is much new research being conducted on the analysis of high pediatric medical costs and finding new ways to reduce such costs, this study has great potential for improvement and collaboration.
